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Neuropsin is a trypsin-type serine protease that was
first cloned from the mouse brain as a factor related
to neural plasticity. Subsequent in situ hybridization
histochemical analysis indicated a broad localization
of its mRNA throughout the whole body, although
the details remain obscure. In this study, we showed
that neuropsin immunoreactivity is localized in the
keratinized stratified epithelia of the mouse epidermis,
hair, tongue, palate, nasal cavity, pharynges, esophagus,
and forestomach. In the skin and mucous membranes,
neuropsin immunoreactivity was found in the stratum
spinosum and the stratum granulosum. The immuno-
reactivity in the former sublayer was mainly present in the
cytoplasm, but that in the latter sublayer was exclusively
present in the intercellular space or on the outer surface
Proteases and protease inhibitors are considered to beinvolved in dynamic movement and morphologic changesof epithelial cells (Morioka et al, 1987; Tuboi et al, 1988;Jensen et al, 1995; Pfundt et al, 1996; Rømer et al,1996; Staiano-Coico et al, 1996). Epidermal keratinocytes
synthesize several proteases that have been suggested as participants in
cell migration and differentiation during development or in cutaneous
diseases (Jensen et al, 1995; Bugge et al, 1996; Rømer et al, 1996).
Among these, tissue- and urokinase-plasminogen activators (t-PA and
u-PA) and plasmin(ogen) have been investigated to determine their
functions at the molecular level. Deficiencies of t-PA, u-PA, and
plasmin(ogen) result in marked prolongation of incisional skin wound
restoration caused by severe pathologic deposition of fibrin (Bugge
et al, 1996). Accordingly, these proteases are candidate molecules related
to dynamic movement of epidermal cells in development and the
wound-healing process (Morioka et al, 1987; Jensen et al, 1995; Pfundt
et al, 1996; Rømer et al, 1996; Staiano-Coico et al, 1996); however,
the major role of these proteases in the wound-healing process is in
degradation of fibrin when keratinocytes migrate (Bugge et al, 1996).
Therefore, t-PA, u-PA, and the plasmin-dependent systems could not
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of the cell membrane and thus exhibited a lamellar-
like peripheral distribution. During development, the
appearance of neuropsin immunoreactivity in the various
epithelia was found at embryonic days 14.5–15.5, prior
to formation of the stratum corneum. More extensive
expression of neuropsin immunoreactivity was found in
the nude mouse skin and mucous membranes than in
wild-type mice. Because the nude mouse is characterized
by genetic impairment of keratinization, such abnormal
neuropsin expression might be caused or affected by
this impairment. Therefore, neuropsin, an extracellular
serine protease, is suggested to be involved in keratiniz-
ation in the stratified epithelia. Key words: epidermis/
immunohistochemistry/keratinocyte/serine protease. J Invest
Dermatol 110:923–931, 1998
explain all the dynamic cellular events in tissue development and
wound-healing.
Previously, we cloned a novel extracellular serine protease, neuropsin
(NP), from mouse limbic brain and reported that it is related to neural
plasticity caused by kindling seizure (Chen et al, 1995; Okabe et al,
1996). By systemic in situ hybridization histochemical analysis, we
found that dense NP mRNA signals were localized not only in the
limbic brain, but also throughout the entire squamous epithelia of the
epidermis (Chen et al, 1998). Because the regional distribution of NP
mRNA suggested a crucial role of this molecule in epithelial tissue,
we performed a series of immunohistochemical studies focusing on
the developmental changes in immunoreactive NP. Next, we examined
NP expression in the nude mouse (BALB/C nu/nu) that is characterized
by disrupted hair growth and abnormal epidermal sublayers as well as
immunodeficiency (Ko¨pf-Maier et al, 1990).
MATERIALS AND METHODS
Production of monoclonal antibodies Wistar rats were immunized by
intraperitoneal injection of 50 µg of purified recombinant NP (r-NP)
emulsified with Freund’s adjuvant several times. After titration of rat serum by
western blotting, the rats received an intraperitoneal booster injection of 50 µg
of r-NP 2 d before cell fusion. Isolated spleen cells from the immunized rats
were fused with Y3Ag.1.2.3 rat myeloma cells (Nishizawa et al, 1991). After
selection in hypoxanthine-aminopterine-thymidine medium, the supernatants
of hybridomas were screened for r-NP-specific antibody production by western
blotting and enzyme-linked immunosorbent assay using microplates coated with
r-NP. Positive clones were used for the production of ascites in pristane-primed
nude rats (F344/N Jcl). The clone producing the monoclonal antibody with
the highest specificity and titer was screened. The monoclonal antibodies
MabF12 and MabB5 were purified from ascites by affinity chromatography on
protein G-Sepharose. Neither antibody showed cross-reactivity against other
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Figure 1. Confocal laser microscopic
images of NPi in mouse skin. Cytoplasmic
and lamellar-like peripheral distribution of NPi
in the stratum spinosum (arrowheads) and in the
stratum granulosum, respectively (a). Palm skin
of mice at postnatal day 8.5. (a, b) NPi of the
hair cortex and inner root sheath (c, d) [higher
magnification of boxed area in (c) is shown in
(d)]. Longitudinal section of back skin (e, f).
NPi of the hair cortex and the Huxlay layer of
the vibrissa (g, i). Transverse section of upper
lip skin (g, i). Note the eosinophilic portion of
the vibrissa showed strong immunoreactivity
although the noneosinophilic portion lacked
immunoreactivity [arrow in (g)]. Higher
magnification of boxed area in (g) is shown in
(i). NPi was seen on the outer membrane of
the trichohyalin granules [arrowheads in (i) and
(j)]. Parts (a), (d), and (i) are double staining
images of fluorescein isothiocyanate-
immunostaining of NP (green fluorescence) and
nuclear staining with propidium iodide (red
fluorescence). Hematoxylin and eosin staining
of the same fields are presented on the right for
precise identification of the tissue organization
(b, e, f, h, j). Parts (a), (c), (d), (g), and (i) are at
the same magnifications as (b), (e), (f), (h), and
(j), respectively. bc, basal cell; h, hair; he, Henle
layer; hu, Huxlay layer; ors, outer root sheath;
sc, stratum corneum; sg, stratum granulosum;
ss, stratum spinosum. Scale bars, (b, f, j) 50 µm;
(e, h) 100 µm.
serine proteases including α-thrombin, trypsin, kallikrein, t-PA, and u-PA
(Momota et al, 1998).
Animals and preparation of tissues Male ddY, BALB/C (3 wk old), and
BALB/C nude (nu/nu; 3 and 4 wk old) mice were purchased from SLC
(Hamamatsu, Japan) and were used for the immunohistochemical studies. Mice
were maintained under a 12/12 h light/dark cycle with ad libitum feeding. For
ontogenetical observation of immunoreactive NP, one male and three female
animals were put together in a cage in the evening, and vaginal smears were
analyzed for the presence of sperm on the following morning. The day on
which a vaginal plug was found was designated as gestational day 0.5. Embryos
at various gestational stages (13.5, 14.5, 15.5, 16.5, and 17.5 d) were removed
from pregnant mice anesthetized with sodium pentobarbital (Nembutal, 50 mg
per kg, i.p.). On postnatal days 0.5 (P0.5), 4.5 (P4.5), and 9.5 (P9.5), and at
3 wk old (3 W) and 6 wk old (6 W), mice were killed by decapitation under
ether anesthesia. Immunohistochemical observation was performed using at
least six mice at each stage and an essentially identical staining pattern was
observed in the late gestational (after E17.5) and postnatal stages. The slight,
but negligible variation in NP immunostaining, which might be due to the
developmental deviation, was, however, seen during gestational stages 15.5
and 16.5.
Fresh frozen sections 7 µm thick prepared from the upper lip skin, eye area
skin, and back skin, naso-oral tissue, pharynges, esophagus, and stomach
were postfixed with acetone containing 0.2% paraformaldehyde for 1 min.
Immunohistochemical demonstration of NP was performed on every third
section. The same sections were used for hematoxylin and eosin counterstaining
for precise identification of the epidermal sublayers. Some sections for immuno-
histochemical analysis were also stained with propidium iodide (Sigma, St.
Louis, MO) to stain nuclei for precise identification of tissue organization.
Immunohistochemical procedure The immunofluorescent technique of
Coons was used in this study (Coons, 1958). Two anti-NP monoclonal
antibodies (MabB5 and MabF12) were used for primary antibodies. As the
staining patterns for immunoreactive NP by both the antibodies were
identical, MabB5 immunostaining will be exclusively described in this paper.
The sections for the demonstration of NP immunoreactivity (NPi) were
incubated overnight in a humid atmosphere at 4°C with anti-NP antibody at
a dilution of 0.7–15 µg per ml with dilution buffer consisting of phosphate
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Figure 2. Developmental changes in NPi
in the mouse back skin. No NPi was seen
in the epidermis at E14.5 (a), but NPi appeared
at E15.5 (c). The granular cells appeared at this
stage as shown by arrows. NPi increased at E16.5
(e), E17.5 (g), and P0.5 (i), but was slightly
decreased in adult mice (6 W; k). At E17.5 (g)
and P0.5 (i), lamellar-like NPi structures
become prominent. Hematoxylin and eosin
staining of the same fields are presented on
the right (b, d, f, h, j, i). All photographs are
at the same magnification. kg, keratohyalin
granule; pd, periderm; pil, pilus; sb, stratum
basale; sc, stratum corneum; sg, stratum
granulosum; ss, stratum spinosum. Scale bar,
50 µm.
buffered saline (pH 7.4) containing 5% bovine serum albumin. The sections
were rinsed in phosphate buffered saline for 30 min at room temperature
(20°C). Then, sections were incubated with fluorescein isothiocyanate-
conjugated antibody (Jackson, West Grove, PA) at a dilution of 0.75 µg per ml
with dilution buffer. After incubation, the sections were rinsed at 20°C with
phosphate buffered saline for 30 min and mounted in a phosphate buffered
saline–glycerin mixture (1:1). For the control experiments, the remaining
sections were treated with one of the following: (i) incubation with primary
antibody preabsorbed with an excess amount of r-NP (0.7 nM); (ii) omission
of primary antibody; or (iii) incubation with antibody blocked with 1.0 µM
thrombin, t-PA, or u-PA.
Observation was performed with a Zeiss fluorescent microscope (Jena,
Germany) equipped with a BP450–490 excitation filter and LP520 barrier filter
for visualization of fluorescein isothiocyanate. Confocal laser microscopic
observation was performed with a Zeiss LSM410 laser microscope for visualiza-
tion of fluorescein isothiocyanate and propidium iodide.
RESULTS
Characterization of monoclonal antibodies against NP The
antibodies were carefully characterized by enzyme-linked immuno-
sorbent assay and by determination of NP amidase activity in their
immunoprecipitates. They showed no cross-reactivity against
homologous proteases such as trypsin, thrombin, t-PA, or u-PA
(Momota et al, 1998), as confirmed by antigen absorption tests as
follows. The antibodies were preincubated with r-NP or one of the
proteases listed above. When MabB5 and MabF12 were preincubated
with trypsin, thrombin, t-PA, or u-PA prior to the immunohisto-
chemical processing, immunostaining was as strong as that with the
non-preabsorbed antibodies. In contrast, when the antibodies were
preincubated with 0.7 nM of r-NP, no immunostaining was seen. The
disappearance of immunostaining was also seen with omission of the
primary antibody from the incubation mixture. Hence, the two NP
monoclonal antibodies, MabB5 and MabF12, were considered to be
highly specific.
General features of NPi in the skin, respiratory, and digestive
tracts Prominent expression of NPi was observed in the epidermis
(Figs 1a, b, 2), hair (Fig 1c–f ), and vibrissa (Fig 1g–j ). In addition,
NPi was also seen in the tongue (Fig 4), palatum (Fig 4), mucosal
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Figure 3. Dynamic changes in NPi
expression during morphogenetic event at
the opening of the eyelids. NPi in the
skin showed increased intensity and became
invaginated in eyelids fuse to the direction of
conjunctivae at P0.5 (a), P3.5 (b), and P9.5 (d).
The photograph in (c) shows hematoxylin and
eosin staining of the section shown in (b). Note,
no NPi was observed in the epithelium cornea
[arrows in (a) and (d)]. Scale bars, (c, d) 50 µm;
(a) and (b) are the same magnification as (c).
membrane in the nasal cavity (Fig 5), pharynges (data not shown),
esophagus (data not shown), and forestomach (Fig 6). The mucosal
epithelia of the upper gastrointestinal tract are keratinized in mice
(Schweizer et al, 1988). Accordingly, the NPi found in the epithelia
was associated with keratinized epithelia. On the other hand, the corneal
epithelium that consists of a ‘‘nonkeratinized’’ stratified squamous
epithelium did not show NPi (Fig 3a, d, arrows). The simple epithelia
such as that in the lower gastrointestinal tract did not express NPi
(Fig 6). From these overall results of immunohistochemical examination
of mouse epithelia, NPi was considered to be expressed only in the
‘‘keratinizing’’ stratified squamous epithelia.
Confocal laser microscopic observation of NPi All the observed
NPi structures were precisely correlated with hematoxylin and eosin
counterstaining to identify the precise localization of NPi. Hematoxylin
and eosin staining clearly showed that NPi was distributed in the
strata granulosum and spinosum of the epidermis (Fig 1a, b). The
immunostaining patterns in these sublayers were very different from
each other. NPi in the stratum spinosum was present in the cytoplasm
of differentiating keratinocytes (Fig 1a, arrowheads, see also Fig 2g, i).
The cytoplasmic staining became less intense as cells migrated more
upward and, instead, characteristic fluorescent lamellae became
prominent in the stratum granulosum. Our previous in situ hybridization
analysis showed that NP mRNA is densely localized in the stratum
spinosum, but its levels are low in the stratum granulosum (Chen et al,
1998). This suggested that the former sublayer is the site of production
of NP. NPi in the stratum granulosum was consistent with the pattern
of intercellular space across the keratinocytes (Fig 1a, b, see also
Fig 2g–j). The layer representing NPi lamellar-like peripheral distribu-
tion contained numerous keratohyalin granules, and thus the layer was
taken to be the stratum granulosum (Figs 1a, b, 2g–j ). No basal cells
with mitotic activity nor corny cells contained NPi.
NPi in the hair and vibrissa overlapped with the keratinizing region
(Fig 1c, e). Higher magnification photographs showed that NPi was
expressed in the deeply eosinophilic keratinizing zone of the hair
cortex and inner root sheath (Fig 1d, f ). Interestingly, NPi of the hair
cortex was localized in the regularly arranged dying cells that were
eosinophilic (Fig 1d, f ).
The immunostaining pattern of the vibrissa was the same as that of
the hair. Transverse sections of the vibrissa showed that NPi was
localized in the hair cortex and the Huxlay layer of the inner
root sheath (Fig 1g–j). Confocal laser microscopic analysis clearly
demonstrated that the trichohyalin granules in the Huxlay layer had
immunoreactivity on their surfaces (Fig 1i, j, arrowheads).
The regional distributions of NPi in the epidermis, hair, and vibrissa
were well correlated with the localization of keratinizing cells. This
observation strongly suggested that NP is related to some process of
keratinization in the differentiating cells of these tissues. To examine
the relationship between NP and epithelial morphogenesis, particularly
cornification, we studied developmental changes in NPi.
Localization of NPi during epidermal development The early
differentiation of the mouse epidermis and its adnexa begins at around
embryonic day 14 (Rugh, 1990). No NPi was observed in embryos
at 13.5 d or before. At E14.5, one layer of cells was established in the
periderm, although no NPi had yet appeared (Fig 2a, b). NPi was
first visible in the stratum granulosum of E15.5, when the strata
spinosum and granulosum were already formed (Fig 2c, d). After this
stage, keratohyalin granules of the granular cells became apparent
(Fig 2d, arrows) and almost simultaneously the first NPi appeared in
the granular cells (Fig 2c, arrows). The stratum corneum was, however,
not generated at this stage. NPi structures in developing granular cells
were distributed in the cytoplasm (Fig 2c–f ), whereas those of mature
mice had a lamellar-like peripheral distribution (Fig 2g–l, see also
Fig 1a). The cytoplasmic staining of such very early stages indicated
that immature granular cells produce NP. At E16.5, the cytoplasmic
NPi was still visible in the stratum granulosum, although it gradually
became less evident (Fig 2e, f ). The differentiating granular cells
undergo cell death and the stratum corneum is formed between E16.5
and 17.5. At E17.5, the immunostaining pattern in the stratum
granulosum changed from a diffuse cytoplasmic to a clear lamellar
pattern (Fig 2g, i). Spinus cells came to express cytoplasmic NPi
(Fig 2g). Thereafter, NPi continued to be expressed in both sublayers
during postnatal development, although the intensity was slightly
decreased (Fig 2i–l); however, the stratum basale never expressed NPi
at any embryonic or postnatal stage examined (Fig 2a, c, e, g, i, k).
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Figure 4. Developmental changes of NPi
in the tongue and palatum. NPi structures
in the tongue and palatum at E15.5 (a), E16.5
(c), E17.5 (e), and P0.5 (g). In (a), NPi was first
detected on the surface of the tongue. Note
the saw-like NPi structure in the developing
tongue at E16.5 before morphogenesis (c). The
photographs in (b), (d), (f), and (h) show
hematoxylin and eosin staining of the same
sections as (a), (c), (e), and (g), respectively. bc,
basal cell; pal, palatum; ton, tongue. Scale bar,
50 µm.
Our interest next focused on how NPi was expressed during
particular phenomena in the skin, i.e., eyelid opening and the digit
formation. The epithelia of the eyelids are fused tightly during
embryonic to early postnatal periods. Between P0.5 and 3.5, the tissue
of the eyelids fuse had not yet differentiated into epithelial tissue
(Fig 3c). At P0.5, only the anterior surfaces of the eyelids showed
NPi, although there was no NPi between the upper and lower eyelids
(Fig 3a). At P3.5, epithelial keratinocytes with immunoreactivity began
to invaginate into eyelids fuse (Fig 3b, arrowhead, c), and at P9.5 NPi
was expressed strongly between the eyelids fuse (Fig 3d). Similar
morphogenetic NPi expression was observed in the leg primordia.
NPi cells appeared in the interdigital tissue before morphogenesis of
digits (data not shown). Thus, NP seems to be expressed just prior to
the occurrence of epidermal keratinization. In addition, it is noteworthy
that there was no NPi in the epithelium cornea that does not keratinize
throughout development (Fig 3a, d, arrows). These results strongly
suggested that only ‘‘keratinized’’ epithelial tissue contains NPi.
Localization of NPi during development of the tongue,
palatum, and nasal cavity The epithelia of the tongue,
palatum, and nasal cavity of mice are comprised of keratinized stratified
squamous epithelium. The ontogeny of NP expression in the mucous
membrane generally paralleled the developmental NPi changes in the
epidermis (Figs 4, 5, cf. Fig 2). In the tongue and palatum, NPi
structures first appeared after E15.5 and E16.5, respectively (Fig 4a–
d). The stratum corneum was generated on E16.5 in these mucous
membranes, and simultaneously NPi structures were seen at their
epithelial surfaces. In the tongue, primordial filiform papillae had NPi
on their surfaces (Fig 4c, d). At E17.5, a lamellar NPi pattern became
apparent just beneath the stratum corneum (Fig 4e, f ), and strong
immunoreactivity was maintained postnatally until the adult stage
(Fig 4g, h).
Development of NPi structures in the nasal cavity progressed with
almost the same pattern as those in the tongue and palatum. NPi
around the nasal pit first appeared at E14.5, when the nasal pit became
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Figure 5. Early appearance of NPi in the
nasal pit and nasal cavity. (a) NPi structure
at E14.5 and (c) higher magnification of the
boxed area. (e) NPi structure at E15.5. The
photographs in (b), (d), and (f) show
hematoxylin and eosin staining of the sections
in (a), (c), and (e), respectively. bc, basal cell;
sc, stratum corneum. Scale bars, (b, f) 100 µm;
(d) 50 µm.
invaginated (Fig 5a, b). At higher magnification, pyknotic cells with
NPi were seen surrounding the pit (Fig 5c, d). It should be noted that
the stratum corneum was already generated in the pit at this stage as
shown in Fig 5(d). At E15.5 the nares are completely plugged with
the corney cells and the nasal chamber was covered by the stratum
corneum (Fig 5e, f). Morphogenesis of the nasal cavity is almost
completed by E15.5 (Rugh, 1990).
Localization of NPi during development of the stomach In
mice, the luminal membrane of the forestomach is covered by the
keratinized epithelium (Schweizer et al, 1988; Kaufman, 1992). NPi
was first observed in the forestomach at E15.5 (data not shown). At
P4.5, dim immunofluorescence was seen along the primordial stratified
epithelium (Fig 6a, arrows, b). At P9.5, NPi cells were increased in
number in the strata spinosum and granulosum (Fig 6c, d). The strong
immunoreactivity continued from this stage to adulthood, although
the intensity decreased slightly as the animals grew (Fig 6e, f ). NPi
cells were only localized in the forestomach and a clear immunoreactive
boundary was seen at the junction of the stratified and simple epithelium
(Fig 6a–h).
NPi expression in the stratified epithelia of nude mice To
further investigate the function of NP in keratinization, we analyzed
epithelial NP expression in mice with genetically abnormal keratiniz-
ation. BALB/C nu/nu mice not only have immunodeficiency, but also
have epidermis and hair impairment due to abnormal keratinization
(Ko¨pf-Maier et al, 1990). NPi of the nude mouse had different staining
patterns in the various epithelia in comparison with the wild-type
mouse (Fig 7). In nude mice a severe disturbance was seen in the
stratum corneum due to irregularly arranged lamellae of corneocytes
(Ko¨pf-Maier et al, 1990). The NPi lamellae pattern in the stratum
granulosum was less obvious in the nude mouse (Fig 7e–h), whereas
cytoplasmic NPi was more marked than in the wild-type mouse
(Fig 7a–d). This observation suggested that some unknown defect in
NP secretion in the nude mouse causes the accumulation of cytoplasmic
NP in the granular cells that have low levels of cytoplasmic NP in
wild-type mouse.
In the hair of the nude mice, the eosinophilic keratinizing zone,
where keratinocytes undergo the final hardening process, was abnormal.
The eosinophilic region of the hair was shifted markedly upward, and
sometimes brimmed over from the hair follicle, resulting in the
formation of short and crippled hair shafts (Ko¨pf-Maier et al, 1990).
In the abnormal hair of the nude mouse, no or only a little NPi was
found in the eosinophilic portion of the irregularly protruding hair
(data not shown). The lack of immunoreactivity in the abnormal hair
in nude mice might be caused or affected by pathologic defects in the
keratinization process. Therefore, this result also supports the idea that
NP is involved in keratinization of stratified epithelia.
DISCUSSION
The epidermis and mucous membranes had dense NPi structures in
their keratinizing zone. Confocal microscopic observation showed that
NPi is localized in the intercellular space or outer membrane of the
granular cells. NP mRNA and cytoplasmic NPi were both observed
in the spinous cells, but both were weak in the granular cells, indicating
that NP is produced in these cells (Chen et al, 1998) and might be
extracellularly secreted as the cells migrate to the epithelial surface
(Chen et al, 1998; and this study). Such histochemical observations
were in good agreement with the observation that NP has a signal
sequence in its N-terminus and that insect cells transfected with the
cloned NP gene efficiently secreted recombinant NP into the culture
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Figure 6. NPi structures in mouse stomach.
NPi at P4.5 (a), P9.5 (c), and adult (6 W; e),
and (g) higher magnification of the boxed area
in (e). The photographs in (b), (d), (f), and (h)
show hematoxylin and eosin staining of the
sections in (a), (c), (e), and (g), respectively. The
boxed area in (d) is enlarged in the insert. Note
the clear keratohyalin granules. Dashed lines in
(b), (d), and (h) represent the boundaries
between the stratified squamous (sse) and the
simple columnar (sce) epithelia. Arrows in (a)
represent the dim NPi at P4.5 in the primordial
forestomach. Asterisks show self-fluorescent
luminal (lu) contents in (e) and (g). bc, basal
cell. Scale bars, (b, d, h) 50 µm; (f) 100 µm.
medium (Chen et al, 1995; Shimizu et al, 1998). Because NP has a
trypsin-like protease activity cleaving Arg-X bonds and is considered
to be released extracellularly, this might be related to degradation or
modification of extracellular substrates or be a component of signal
transduction systems similarly to thrombin (Shimizu et al, 1998).
Skin-derived anti-leukoproteinase (SKALP)/elafin is a secretory serine
protease inhibitor with a distribution pattern generally similar to that
of NP, although the former protein was downregulated to undetectable
levels in the normal adult skin (Pfundt et al, 1996). A similar histologic
distribution pattern was also found for transglutaminase I (Rice et al,
1994; Tamada et al, 1995). Pfundt et al (1996) reported that in the
psoriatic epidermis, esophagus, and oral epithelia, SKALP/elafin and
transglutaminase I are colocalized in the upper half of the suprabasal
compartment. NP and SKALP/elafin are rich in glutamine and
lysine residues, a property consistent with preferred substrates for
transglutaminase (Molhuizen et al, 1993; Chen et al, 1995). Therefore,
it might be hypothesized that SKALP/elafin, transglutaminase, and NP
are involved in the keratinization process by interacting each other.
The results of this study suggested that NP is involved in keratiniza-
ation of the epidermis, mucous membranes, and hair. The keratinization
process can be simplified and divided into five steps (Holbrook, 1994):
(i) proliferation of basal cells to renew keratinocytes; (ii) synthesis of a
specific intermediate filament protein/cytoskelton, keratin; (iii) modi-
fication of keratin by formation of disulfide bonds; (iv) cell death and
disintegration of the nucleus and organelles; and, eventually, (v)
shedding of cornified plate or old hair. This study showed that NP
protein is localized in the cytoplasm of the spinous cells and intercellular
space or outer membrane of granular cells. In addition, we showed
that the keratinizing zone of the hair cortex and inner root sheath
were also immunoreactive for NP. Thus, NP was evidently colocalized
with active keratin-producing or -hardening regions. The onto-
genetical study of NP expression has shown that NP is first expressed
in the periderm of E14.5–15.5 embryo. The first appearance of NP in
the periderm precedes the appearance of keratohyalin granules (E15.5–
16.5), the expression of loricrin (E16), a major differentiation marker
in epidermis, and the formation of stratum corneum (E16.5–17.5)
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Figure 7. Comparison of epithelial NPi of
nude and control mice. NPi of BALB/
C1/1 (a–d) and NPi of BALB/C nude mouse
(nu/nu; e–h) in the upper lip skin. Photographs
(a)–(h) were randomly taken by separate
immunostained tissue sections from BALB/
C1/1 (a–d) and BALB/C nude mice (e–h).
(a–e) Three week old mice; (f–h) 4 wk old
mouse. Note the broader and more diffuse
immunostaining of NPi in nu/nu mouse skins
(e–h) in the cytoplasm of the stratum
granullosum compared with that in BALB/
C1/1 mouse skins (a–d). All photographs are
at the same magnification. Scale bar, 50 µm.
(Bikenbach et al, 1995). At E18, the fetal epidermis is able to function
as an effective protective barrier (Bikenbach et al, 1995). As shown in
this study, the NP expression reaches a peak at E17.5, just before the
protective barrier is completed.
Furthermore, we observed much stronger expression of NP
protein in nude than normal mice. Flanagan (1966) reported that
the development and differentiation of hairs are severely affected in
the nude mouse. The author hypothesized that noneruption of hair
in nude skin could be due either to imperfect keratinization of the
hair shaft or to increased resistance of the epidermis to the erupting
hair tip (Flanagan, 1966). Ko¨pf-Maier et al (1990) reported that the
keratinization of the epidermis in nude mice is also impaired. They
observed not only irregularly shaped corneocytes in the stratum
corneum of nude mice, but also more numerous keratohyalin
granules, smaller membrane coated granules, and less numerous
tonofilament bundles in the stratum granulosum of nude mice than
haired control (Ko¨pf-Maier et al, 1990). Thus, the keratinization
process in nude mice seems to be severely impaired in the epidermis
and the hair. This impairment might be due to the deficiency in
keratin in nude mice because of the lack of intense sulfhydryl
reactions in the follicles (Flanagan, 1966). The abnormal expression
of NP in nude mouse skin and forestomach, and the severe lack
of NP in the hair shown in this study, might be caused or affected
by keratinization impairment. Therefore, the present ontogenetic
and histopathologic observations suggest that NP is involved in the
keratinization of stratified epithelia and hair.
NP is a serine protease localized in the suprabasal layer and it
has been suggested that it has an extracellular function in the
stratum granulosum. The major event of the granular cells is
programmed cell death. Recent studies have indicated that the
caspase family of intracellular cysteine proteases are involved in
programmed cell death (Enari et al, 1995). As NP is considered to
be an extracellular protease, it is unlikely that it has an intracellular
function; however, investigators demonstrated that the trypsin-like
serine protease secreted from Pam212 keratinocytes could induce
programmed cell death, and speculated that this protease acts
through a receptor-mediated signaling pathway to induce cell death
(Marthinuss et al, 1995; Seiberg et al, 1997). Thus, if there is a
signaling pathway of action of NP similar to that of thrombin, NP
could be involved in programmed cell death.
In conclusion, this study clearly demonstrated that NP was distributed
exclusively in the keratinizing epithelia of the epidermis and various
stratified mucous membranes. Ontogenetic synchronism of NP appear-
ance and epithelial morphogenesis including keratinization strongly
suggested that NP is related to differentiation of keratinocytes and/or
the process of keratogenesis.
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